Hydraulic artificial muscles offer unrivaled specific power and power density and are instrumental to the improved performance and success of soft robotics and lightweight mobile applications. This paper addresses the lack of model-based impedance control approaches for soft actuators such as hydraulic artificial muscles. Impedance control of actuators and robotic systems has been proven to be an effective approach for interacting with physical objects in the presence of uncertainty. A sliding mode impedance control approach based on Filippov's principle of equivalent dynamics is introduced and applied to a hydraulic artificial muscle. A nonlinear lumped parameter model of the system is presented and a sliding mode impedance controller is derived. Experimental results show superior performance using model-based sliding mode impedance control versus a linear impedance control law in both tracking of position and stiffness when disturbances are introduced.
INTRODUCTION
An artificial muscle is made of a hyperelastic tube that is encompassed in a helical fiber braid with end caps enclosing both ends, with one end allowing for fluid to flow in and out of the actuator. Hydraulic artificial muscles (HAMs) use hydraulic oil rather than compressed gas as in the case for pneumatic artificial muscles (PAMs). This paper presents a sliding mode impedance control (SMIC) approach that promises to be useful for robotic applications. Experimental results of the SMIC are compared to those of a linear impedance controller (LIC).
The use of HAMs is motivated by their superior power and force density when compared to other actuation technologies. For example, a HAM weighing 240 grams is able to produce up to 2.5 kN, as shown in Figure 1 , with a diameter of only 14 mm. Although the high force is exceptional, inherent stiffness control cannot be achieved with a single HAM. This motivates the design and experimental validation of impedance control methods for HAMs.
BACKGROUND
The design of HAMs is very similar to PAMs with their components being considerably stronger to withstand higher pressures [1] [2] [3] [4] [5] . Water, hydraulic oil, and glycol-water mixtures have been used for working fluids for HAMs [1, 2, 4, [6] [7] [8] [9] . HAMs can achieve forces significantly higher than piston cylinders operating at the same pressure and of the same diameter with notable results and characterization reported by Mori et al. [10, 11] . There has been little reported on the modeling and control of HAMs. Meller et al. reported the results of feedforward position control based on an empirical model [12] .
Extensive control development for PAMs has been reported for several decades [13] [14] [15] [16] [17] [18] [19] [20] [21] . Most notable are the model-based sliding mode controllers (SMC) that improve control performance and are inherently robust with accuracy of 15 µm reported [14-16, 20, 22] . These modelbased control approaches have also been successful with impedance controllers for other types of actuators.
Zhu and Barth implemented a sliding mode controller for sub-millimeter tracking of a pneumatic cylinder as well as a sliding mode impedance controller for contact tasks [23, 24] . Zhu and Barth showed that similar model-based control approaches for position tracking can be used for impedance control. Impedance is a measure of how a device responds when subjected to a force as it relates to force and velocity or effort and flow of energy as first described by Hogan [25] . This is particularly useful for devices that can achieve high forces yet require compliant behavior with certain types of tasks, such as manufacturing assembly or human-robot interaction. This paper presents a new model-based sliding mode impedance controller design for a HAM and shows its superiority over a classical approach.
MODELING
The HAM is modeled as a mass-spring-multivariate damper, as shown in Figure 2 . The linear spring stiffness can be linearized about an operating point, giving the equation of motion,
where M is the mass on the free end of the HAM, F f is the nonlinear friction force model based on the tube and braid relative motion, k is the linearized stiffness of the rubber tube, and the Gaylord force model is on the right-handside of Equation 1 [26] . In the Gaylord force model, P is the internal pressure of the HAM, L is the current length of the HAM, b is the length of helical fiber braid, and n is the number of times the helical fiber braid wraps around the rubber tube. The damping force is:
where µ s is the coefficient of static friction between the braid and rubber tube, N is the number of braids, A b is the area of the braid in contact with the rubber tube, and µ k is the kinetic coefficient of friction. The hydraulic pressure dynamics are modeled as flow through a variable cross sectional orifice in a plate and the rate of change in volume of the HAM,
where u is the command voltage applied to the servovalve, K av is the proportional valve gain, C D is the discharge coefficient, ∆P is the state dependent pressure differential, ρ is the density of the hydraulic oil, and β is the bulk modulus of the hydraulic oil. The state dependent pressure differ-ential is defined as
where P s is the source pressure, P is the HAM internal pressure, and P atm is the atmospheric pressure. The properties of the physical system are listed in Table 1 . 
CONTROLLER DESIGN
This section details the linear and sliding mode impedance control approaches for the HAM.
Linear Impedance Control (LIC)
A second-order linear impedance control law is compared to a model-based impedance control method. This is of the form presented by Hogan in [25] with the addition of a proportional gain.
where K p is the proportional gain, F int is the measured interaction force, F d is the desired interaction force, M e is the virtual mass, B e is the virtual damping, K e is the virtual stiffness, and x d is the desired position. The desired force is set to zero for interaction type tasks.
Sliding Mode Impedance Control (SMIC)
Equation 1 
wheref isf
andĝ isĝ
For the impedance controller, a sliding surface is defined as the traditional method presented by Slotine [27] , related to the interaction force, F int , and desired force F d , that is set to zero.
where λ is the tuning parameter defining the location of the error dynamics poles and slope of the sliding surface, d/dt is a time derivative, e is the desired continuous trajectory error (e = x − x d ), and m is the order of the controlled system (m = 3 for HAM system). Equation 9 defines the sliding surface with respect actual and desired interaction forces rather than only a position trajectory. Expanding this normally becomes s =ë + 2λė + λ 2 e [27] . Rather than following this approach for position tracking, the tuning parameters λ are replaced with the desired impedance properties, resulting in λ 2 = K e , 2λ = B e , and supplementingë with M e . Expanding Equation 9 with these replacements gives
Taking the time derivative of Equation 10 results iṅ
Applying Filippov's principal of equivalent dynamics with Equation 6-11 results in the nonlinear equivalent control law for the HAM.
A robust control law can be defined using a Lyapunov-like function as used in [16] and [24] , in addition to the robustness tuning parameter η and a filtering constant φ with a sgn and the saturation function gives the robustness control law,
Combining Equations 12 and 13 with a proportional gain, K eq , gives the SMIC:
The impedance and experimentally determined controller parameters for the LIC and SMIC are listed in Table 2 . 
EXPERIMENTAL SETUP
Experiments were conducted using a dedicated test stand for developing and improving the modeling and control approaches for both pneumatic and hydraulic artificial muscles. The test stand is shown in Figure 3 .
The hydraulic system is made up of a single phase AC motor that drives a fixed-displacement gear pump. The gear pump pressurizes the hydraulic oil (ISO 32) over an adjustable relief valve. The flow of hydraulic oil is controlled with a 4 port 3 position DDR3 proportional servovalve manufactured by HR-Textron. Wika analog 10V pressure sensors rated for 3000 psi gage are located at the HAM inlet as well as at the relief valve.
The HAM assembly is contained in a redundant test cell where the HAM is constrained axially by a shaft through a linear guide. A custom linear encoder system using a US Digital EM2 encoder module is attached to shaft assembly connected to the free end of the HAM. The transmissive strip in the encoder assembly has 2000 counts per inch, allowing for 8000 counts per inch with quadrature reading, resulting in a resolution of 3 µm. At the end of the linear guide, an Omega S-type load cell with ±1.10 kN (±250 lb) is attached. The sensors and control valves in the system are acquired and controlled via a desktop computer with National Instruments PCI-6221 (37 pin) and PCI-6703 data acquisition cards using MATLAB Simulink Desktop Realtime.
EXPERIMENTAL RESULTS
Three different trajectories are tracked to compare the impedance control laws for HAMs. The trajectories include a constant set point position in the middle of stroke, a continuous square-like wave, and a sine wave at 0.25 Hz. The set point position experiment is conducted a second time for each controller with random disturbances introduced to the load cell (the load cell is manually pushed and pulled) to analyze the behavior of the controllers. The set point desired position was set to 12.7 mm and the response for both controllers are depicted in Figure 4 .
FIGURE 4: Setpoint command controller response
The 2% settling time was found to be 0.87 s and 0.95 s for the SMIC and traditional impedance controller, respectively, when the system powers on after 10 seconds. It was also observed that the SMIC lag from the initial command was 0.04 s compared to 0.08 s for the LIC.
The 0.25 Hz sine wave tracking experiment, with an amplitude of 6.4 mm and offset of 12.7 mm, is shown in Figure 5 . It was found that the maximum tracking error for the LIC was 1.69 mm on the unpowered stroke and 0.756 mm on the powered stroke, while the SMIC maximum tracking error was 1.21 mm on the unpowered stroke and 0.511 mm on the powered stroke. When using the SMIC compared to the LIC, 28% and 32% improvements were observed for the unpowered and powered stroke, respectively. The tracking results of a square-like continuous trajectory with a lower bound of 6.4 mm and upper bound of 19 mm are shown in Figure 6 . The maximum tracking error for the LIC was 1.96 mm for the unpowered stroke and 0.786 mm for the powered stroke. The maximum tracking error for the SMIC was 1.16 mm and 0.644 mm for the unpowered and powered strokes, respectively. Using the SMIC when compared to the LIC for this experiment, the maximum tracking error was reduced by as much as 41%. Setpoint tracking for the SMIC and the desired and achieved stiffness when random disturbances (an external force is applied to the load cell) are introduced are shown in Figures 9 and 10 , respectively.
The SMIC shows improved impedance tracking over the LIC, especially on the unpowered stroke. Figures 8 and  10 show the stiffness behavior when force is applied to the load cell. The positive direction is in tension (pulling on the HAM) and the negative is compression (pushing on the HAM assembly), the retraction phase shows the response when the applied force is released. 
CONCLUSIONS
A model-based sliding mode impedance controller was implemented and compared to a traditional linear impedance control law. Control experiments demonstrate improvements in tracking performance with desired stiffness parameters of the impedance control law when using SMIC over LIC. These experiments suggest that modelbased methods are superior to classical approaches for HAMs with reductions in maximum tracking errors as great as 41%. SMIC methods will be useful to control HAMs for robot applications designed for interaction tasks in the future.
